With a view to providing supportive information for the decision-making on the direction of the future nuclear energy systems in Korea (i.e., direct disposal or recycling of spent nuclear fuel) to be made around 2020, quantitative studies on the spent nuclear fuel (SNF) including transuranic elements (TRUs) and a series of economic analyses were conducted. At first, the total isotopic inventory of TRUs in the SNF to be generated from all thirty-six units of nuclear power plants in operation or under planning is estimated based on the Korean government's official plan for nuclear power development. Secondly, the optimized deployment strategies are proposed considering the minimum number of sodium cooled-fast reactors (SFRs) needed to transmute all TRUs. Finally, direct disposal and Pyro-SFR closed nuclear energy systems were compared using equilibrium economic model and considering reduction of TRUs and electricity generation as benefits. Probabilistic economic analysis shows that the assumed total generation cost for direct disposal and Pyro-SFR closed nuclear energy systems resides within the range of 13.60∼33.94 mills/kWh and 11.40∼25.91 mills/kWh, respectively. Dominant cost elements and the range of SFR overnight cost which guarantees the economic feasibility of the Pyro-SFR closed nuclear energy system over the direct disposal option were also identified through sensitivity analysis and break-even cost estimation.
Introduction
As of March 2016, the amount of spent nuclear fuel (SNF) produced from twenty units of pressurized light water reactors (PWRs) and four units of pressurized heavy water reactors (PHWRs) was reported to be about 14,608 metric tons of uranium (MTU) from the whole twenty-four units of Korean nuclear power plants (NPPs) (i.e., PWRs and PHWRs) [1] . The generation of SNF will continually increase since Korea is officially planning to deploy an additional eight units of Advanced Power Reactor 1400 (APR-1400) and four units of Advanced Power Reactor Plus (APR+) type PWRs by 2029 as scheduled in the 7th Basic Plan on Electricity Demand and Supply promulgated in July 2015 [2] .
Due to the limited capacities of the SNF storage facilities at existing NPPs sites, the Korean government established the Basic Plan on High-level Radioactive Waste Management in July 2016, which specifies the plan for operation of a centralized SNF interim storage facility and a high-level radioactive waste (HLW) disposal facility by 2035 and 2053, respectively [3] .
In parallel, the Korean government also plans to decide whether or not to commercialize the Pyro-SFR (pyroprocessing-sodium cooled-fast reactor) fuel cycle technology which has been developed since 1997, by around 2020, based upon the result of ongoing feasibility studies as clearly addressed in the Strategy for Technical Development and Demonstration of Future Nuclear Energy System published in July 2016 [4] . Accordingly, the national direction of the back-end fuel cycle is to be decided in the next few years.
Feasibilities of direct disposal and Pyro-SFR fuel cycle options based upon the national policy and strategies may provide an important input for the Korean government in deliberating optimized fuel cycle directions. A number of Note. The symbol "x" represents the point at which the transmutation of a radionuclide through a specific reaction is not expected or its contribution is negligible. Figure 1 : Simplified transmutation model adopted in CAIN [25] .
quantitative and economic studies have been reported on the back-end of fuel cycle options for Korea [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . However, most of the previous studies were conducted based upon the assumptions proposed by the investigators rather than upon the official national policy [6] [7] [8] [14] [15] [16] . In addition, neither detailed estimation of the total amount of SNF and TRUs in terms of radioactivity nor relative radiological toxicities of the SNF to be produced from all units of Korean NPPs have been openly reported. Though a few investigators have calculated the anticipated cost for a nuclear fuel cycle in Korea, no detailed economic feasibility studies have been reported on the overall costs and benefits from open or closed fuel cycle nuclear energy systems being considered in Korea [11] [12] [13] [14] [15] [16] [17] . In this context, the electricity generation from SFRs as well as NPPs (i.e., PWRs and PHWRs) could be considered as a potential benefit from the fuel cycle. Thus, the main objective of this study is set to support the decision-making on the future nuclear fuel cycle options in Korea to be made by around 2020 through providing the following information: 
Materials and Methodology

Calculation of Maximum Inventory of SNF and Radioactivity of TRUs.
In this study, the Nuclear Fuel Cycle Simulation System (NFCSS) developed by the International Atomic Energy Agency (IAEA) was used to estimate the amount of SNF and TRUs from Korean NPPs. The NFCSS is a scenariobased computer model widely used for quantitative studies on various nuclear fuel cycle scenarios [22] [23] [24] . A fuel depletion model known as Calculation Actinide Inventory (CAIN) to perform isotopic depletion and decay calculations to solve Bateman's equations for a point assembly using one group neutron cross section as shown in (1) was adopted in the NFCSS.
where and are the atomic contents of isotopes and , respectively; → and → are the decay constants of nuclides and which decay to (1/s), respectively; → and → are the transmutation cross sections from isotope to (barn) and from isotope to (barn), respectively; and is the average neutron flux (n/(s⋅cm 2 )). Figure 1 shows the transmutation chains implemented in CAIN of the NFCSS to calculate the isotopic composition of SNF [25, 26] .
First, calculation was done by using the NFCSS to estimate the generation of SNF including isotopes of plutonium (Pu) and MAs (minor actinides) from twenty-four units of NPPs in operation as of March 2016. As eight units of APR-1400 and four units of APR+ type PWRs will be added by the end of 2029, future estimation for the generation of the SNF from thirty-six units of NPPs by considering their initial design lifetimes (i.e., 30, 40, 60, and 60 years for PHWR, PWR, APR-1400, and APR+, resp.) was made. As the thirtysixth NPP (APR+) will reach its initial design lifetime of sixty years by the end of 2089, estimation of the inventory of SNF Science and Technology of Nuclear Installations 3 and TRUs has been made by the year of 2089 as a reference year [2] .
In order to predict the maximum inventory of SNF and TRUs to be produced from all Korean NPPs, twenty years of continued operations of NPPs after termination of their initial design lifetimes were additionally assumed [8] . However, Kori Unit 1 whose initial design lifetime has been already extended for ten years (i.e., from 2007-06-19 to 2017-06-18) was shut down permanently on June 19, 2017 , in accordance with the government policy [2] . In addition, the second term of continued operation of 10 years for Wolsong Unit 1 is assumed, of which its first continued operation until 2022-11-20 was approved in 2015. As the thirty-sixth NPP (APR+) will reach its extended design lifetime by the end of 2109, the potential maximum inventory of SNF and TRUs was estimated by the year of 2109 as another reference year. Table 1 shows the full list of all units of Korean NPPs (PWRs, PHWRs) which have been already deployed or will be deployed by 2029, along with the time of commercial operation and termination of initial and extended design lifetime [27] .
The time-dependent material flow of SNF for each NPP throughout its lifetime is calculated by MS Excel6 spreadsheet based upon the basic information on the Korean NPPs as shown in Table 1 and the calculation results of the NFCSS such as the amount of SNF including isotopic composition of TRUs to be generated from each Korean NPP per cycle.
Calculation of Nominal Radiotoxicities.
In order to quantify the radiological hazard from each nuclide of TRUs and/or overall hazard from multiple nuclides, a few nominal expressions of radiotoxicity or radiotoxicity index for SNF were reported [28] . In this study, the time-variant nominal radiotoxicity index (in Sv or Sv/g) of SNF was proposed as
where is the radioactivity of a TRU nuclide (Bq), is the radioactivity concentration of nuclide (Bq/g), EDC ing, is the effective dose coefficient to an adult age group for ingestion (Sv/Bq), is the decay constant of nuclide (1/y), is the elapsed time from discharge of the SNF from reactor core (y), is the number of nuclides , is the mass of nuclide (g), is Avogadro's number (6.02 × 10 23 /mol), is the atomic mass of TRU nuclide (g/mol), and 1/2, is the half-life of TRU nuclide (y).
Only ingestion rather than inhalation pathway is considered in (2), since SNF is to be disposed of in deep geological media under direct disposal scenario and the volatilities of the actinides are low enough [29] . The values for and in (2) can be obtained from the nuclide-specific total inventory of TRUs in Bq and total mass of SNF calculated by use of the NFCSS in terms of grams. The values of EDC ing, can be found in a volume of the official publications of the International Commission on Radiological Protection (ICRP) [30] .
The radiotoxicity of SNF is known to be controlled by fission products for the first 300 years after being discharged from the reactor core, but long-lived actinides contribute most to the radiotoxicity after 300 years [29] . Therefore, this study mainly focuses on the ingestion radiotoxicity indices for long-lived actinides rather than those for fission products.
Establishment of Strategic Scenarios for Transmutation of
TRUs by SFRs. In order to compare the Pyro-SFR fuel cycles with direct disposal options and further to find optimized options for deployment of SFRs to transmute TRUs produced from all units of PWRs and PHWRs, a set of comparative scenarios are proposed as shown in Table 2 .
While scenarios 1 and 2 are for the direct disposal of SNF, the remaining six scenarios are proposed to compare the effectiveness of the possible options for recycling of SNF in connection with SFRs. It was also assumed that the metallic SNF discharged from SFRs will be recycled in the Pyro-SFR fuel cycle based upon past reference studies [12, 13, 31] .
Korea Atomic Energy Research Institute (KAERI) has been developing pyroprocessing technology in connection with SFR with a view to reducing the volume and the radiotoxicity of HLW (i.e., SNF) and thus to reducing the land area needed for direct disposal of SNF in deep geological formations [4] .
It is also noted that the time needed for cooling the SNF (i.e., at least five years for the SNF from PWR and PHWR) prior to pyroprocessing has been fully covered in this study, since enough amount of sufficiently cooled-down SNF produced from twenty-five units of NPPs since 1978 is already available for pyroprocessing in Korea [31] . Furthermore, the Korean government plans to commercialize a pyroprocessing facility along with SFR fuel fabrication plant by 2025 and then to deploy the first unit of SFR after three years later by 2028, while just about 8 months is reported to be needed for SFR fuel fabrication [6, 32] . Accordingly, it can be said that the SFR fuel fabrication time has been already taken into consideration in this study.
The values of characteristic parameters of representative SFRs listed in Table 3 for transmutation of TRUs in effective ways were obtained from a few design studies on SFRs, which were used for calculations in this study [33, 34] . The characteristic data for SFR-1 and SFR-2 are generally taken from [33] and [34] , respectively; however, the thermal efficiency of SFR-2 is assumed to be the same as SFR-1 since the specific thermal efficiency of SFR-2 is not available in the literature review.
For the effective transmutation of TRUs, SFRs with CR = 0.46 and 0.6 have been assumed to be coupled with pyroprocessing in order to transmute all transuranic inventory generation from NPPs. The impact of CR on the SFR was determined by the consumption of TRUs as it is reported that the SFR with higher CR burns less TRUs, while the SFR with lower CR transmutes more. Thus, the minimum number of SFRs to be deployed for transmutation of all the inventory of TRUs can be eventually decided by the value of CR of a specific SFR design [13, [33] [34] [35] . 
Fuel Cycles Cost Estimation.
For the sake of nuclear fuel cycle cost estimation, both equilibrium and dynamic models are applicable to assess the economic feasibilities of the different fuel cycle options. The main difference between the two models is that the latter can be used for long-term cost calculation as time elapses while the former is based on the cost calculation at a certain base year [12, 14] . The equilibrium model is capable of providing cost information for prompt decision-making by evaluating the worthiness of a nuclear fuel cycle option quantitatively [12, 14] . Therefore, the equilibrium model was chosen in this study to generate a series of cost information that may be helpful to understand the economic priorities of diverse nuclear fuel cycle options comprehensively and analytically.
To evaluate the economic feasibility of a nuclear fuel cycle through equilibrium model, Equations (i) to (xiv) shown in Table 12 were proposed to calculate the fuel cycle costs with an assumption of zero discount rate [12] . All the unit cost data are discounted to the base year of 2016 with an inflation rate of 2.08%. In order to calculate the fuel cycle cost (FCC) for each fuel cycle, the individual process cost (i.e., the unit cost multiplied by the material quantity at each step of a fuel cycle) should be calculated. In case of PWR, Equations (i) to (iii) and (vi) can be used to calculate the individual process cost. The total process cost of nuclear fuel cycle can be defined as a summation of all the individual process costs involved in the respective fuel cycle and calculated as such. In case of PWR, PHWR, and Pyro-SFR fuel cycles, the total process cost of nuclear fuel cycle can be calculated by use of Equations (viii) to (x), respectively. The FCC can be defined as the total process cost for a fuel cycle normalized to the electricity generation per unit mass and calculated by dividing the total process cost for each fuel cycle with electricity generation per unit mass. Equations (xi) to (xiv) are used to calculate the FCCs of PWR, PHWR, and Pyro-SFR fuel cycles, respectively. Calculation method and equations are referred from past studies on the equilibrium mass flow and cost model in nuclear fuel cycle [12, 36, 37] .
In this study, however, Equations (xi) and (xii) were modified in terms of general design parameters of PWRs and PHWRs, while Equations (xiii) and (xiv) were modified based on the specific design parameters of Korean SFRs [33, 34] . Equations (ii) to (vi) were modified by including the cost for disposal of process waste being generated from processes of each fuel cycle [37] . Annual fuel requirement ( FR ) in MTHM and annual electricity generation ( EG ) in GWh from NPPs (i.e., PWRs and PHWRs) and SFRs are estimated by
where is the electric power of a reactor (MWe), FCL is the length of a cycle (EFPD), is the thermal efficiency, and BU is the discharge burnup (MWD/MTHM). It is noted that the annual electricity generation for SFR-1 and SFR-2 in Table 3 can be also calculated by using (4).
Collection of unit costs data and normalization to 2016 USD Calculation of individual process cost by use of Equations (i) to (vii) ( Table 12) Calculated individual process cost data with reactor cost data min, max, mean) (Table 8) Statistical data analyzation using Simulation of process costs data with Crystal Carlo method (using 50,000 samples) Simulated Monte Carlo descriptive statistics ( Table 9) Probabilistic fuel cycle costs ( Figure 6 ) Calculation of direct disposal and Pyro-SFR scenario costs (Table 10) Estimation of closed nuclear energy system costs (Table 11 The whole process of economic analysis established and conducted in this study is schematically summarized as shown in Figure 2 . Table 4 , the total amount of SNF generated from twentyfour units of operating NPPs as of March 2016 was calculated to be 14,511 metric tons of heavy metal (MTHM) by the NFCSS and the information given in Table 1 . The result is quite comparable to the officially reported total inventory of SNF in terms of mass (i.e., 14,608 MTU) accumulated as of March 2016 within the relative error of less than 0.7 percent [1] .
Results and Discussion
Estimation of Total Inventory of SNF and TRUs. As shown in
In addition, the overall inventory of SNF to be produced from thirty-six units of NPPs during their initial design lifetimes only and additional continued operation periods (except for Kori Unit 1) were estimated to be 41,718 and 61,232 MTHM, respectively. That is, about 2.9 to 4.2 times more SNF in mass than the present inventory as of March 2016 will be accumulated if an additional eight units of APR-1400 and four units of APR+ type PWRs are deployed by 2029 as officially planned. It is also noted that the potential of continued operation of NPPs up to an additional twenty years may affect the total national inventory of SNF by a factor of 1.47 (≈61,232/41,718). Table 5 shows the estimated mass (in grams) of each TRU nuclide which already exists in the total inventory of SNF generated from NPPs as of 2016 and the SNF to be further generated from all NPPs in operation and under construction or planning. It is noted that the mass of fission products is not included in Table 5 , since this study mainly focuses on the radiotoxicity of the SNF in the long term as addressed in Section 2.2.
The continued operation of NPPs for up to an additional twenty years may increase the mass of each TRU nuclide by 41% in average. The increment of total inventory of TRUs produced from operation of NPPs for their design lifetimes or for longer continued operation turns out to be about 385% or 583% in average compared to the inventory as of March 2016.
However, there might be a few reasons for the partially higher increment of specific TRUs such as 243 Am and 244 Cm. In order to find the reason of the partially higher increase of 243 Am and 244 Cm, the fraction of each TRU nuclide from different types of Korean NPPs (e.g., APR-1400, 1000 MWe PWR, and PHWR) was calculated and compared. As a result, it turns out that the fractions of 243 Am and 244 Cm from APR-1400 and APR+ NPPs are 2.2 and 3.75 times higher than those from 1000 MWe PWR as shown in Table 6 . Secondly, specifically in case of 243 Am, the higher increment may be ascribed to the higher burnup of 60 GWD/MTHM for APR-1400 and APR+, since the production of 243 Am increases exponentially with burnup [38] . Figure 3 shows the time-dependent nominal radiotoxicity index (in Sv/g) for the total inventory of TRUs in SNF to be generated from all thirty-six units of NPPs without continued operation, which was calculated by (2) and (3) using the values of parameters in Table 5 . Figure 3 also shows the general trend of timedependent decreasing of radiotoxicity index and dominant TRU nuclides along with elapsed time from the year of 2089, in which the last NPP's initial lifetime will be ended. During the first sixteen years, the total radiotoxicity index is controlled by 244 Cm, and then it is controlled by 238 Pu until 250 years from its initial decay. Subsequently, the most important TRU nuclides are 240 Pu until 8,200 years and 239 Pu until 260,000 years, and then 242 Pu and 237 Np dominate the radiotoxicity index subsequently for relative comparison.
Estimation of Nominal Radiological Risks.
The relative ingestion radiotoxicity index of natural uranium is also plotted. The ingestion radiotoxicity index of the natural uranium was calculated from the specific activity (25,280 Bq/g) and ingestion dose coefficient for adult (31.7 mSv/g) of natural uranium [39] . It can be said that the radiotoxicity index of TRUs in total inventory of SNF will decrease down to the level of the natural uranium only after around 200,000-year-long radioactive decay. The shape of curves and time-dependent decreasing trend of the sum of the total radiotoxicity indices of TRUs in Figure 3 conform to those reported in other studies including textbooks dealing with the toxicity of SNF discharged from nuclear reactors, which demonstrates the feasibility of the calculation conducted and the results obtained in this study [29, 30] .
Establishment of Strategic Scenarios to Transmute TRUs by SFRs.
It was assumed that all TRUs present in SNF from all units of NPPs are to be transmuted in the SFRs by utilizing Pyro-SFR fuel cycle scenarios. In order to formulate the quantified transmutation schemes for TRUs with the incorporation of Pyro-SFR, basic scenarios in Table 2 have been expanded as shown in Table 7 , which shows the minimum number of SFRs to be required for each scenario along with the duration of commercialization of SFRs. As described above, the deployment of APR-1400 and APR+ by 2029 and SFRs from 2028 to their design or extended lifetime was assumed based upon the official national plans promulgated by the Korean government [2, 4] . However, additional NPPs (PWRs and PHWRs) and/or SFRs may be deployed thereafter beyond the time frame covered in the above national plans, which was not taken into account in this study because long-term forecast without sound basis may cause very high uncertainties and is not compatible with the main objective of this study.
Deployment rate of SFRs directly affects the elements of modeled transmutation scenarios such as the number of SFRs needed, the transmutation rate, and the target year of full transmutation of TRUs. In the case of PWRs and PHWRs, the deployment rate in average was calculated from the historical rate of commercialization of NPPs in Korea and the government's future deployment plan for new reactors as announced. Totally, thirty-six units of NPPs have been and will be deployed from the first commercial operation of Kori Unit 1 in 1978 till the commercialization of the thirty-sixth reactor in 2029. That is, the average deployment rate of NPPs in Korea is 1.44 years (i.e., 17 months) per reactor. In case of SFR deployment in scenarios SC-3 to SC-8, however, it was assumed that each unit of SFR will be deployed every 1.67 years (i.e., 20 months) after the commercialization of the first SFR in 2028 in order to transmute all the inventory of TRUs generated from the operation of all thirty-six NPPs to be installed by 2029. As the SFR will be the first-of-akind (FOAK) reactor to be deployed in Korea, the average deployment rate of SFR was proposed to be 15% longer than the deployment rate of NPPs (i.e., PWRs and PHWRs) in this study.
It is shown that at least fourteen to thirty-four units of SFRs should be used for full transmutation of TRUs from thirty-six units of NPPs, which mainly depends upon the design parameters (e.g., CR) of SFR, life extension of nuclear reactors, and so forth. It is noted that the SFR design with lower CR (0.46) such as in scenarios SC-3, SC-5, and SC-7 requires a smaller number of SFRs compared to scenarios SC-4, SC-6, and SC-8 which burn less TRUs per cycle due to higher CR (0.6). Therefore, more units of SFRs are needed and thus longer time duration of transmutation is required for scenarios SC-4, SC-6, and SC-8 than SC-3, SC-5, and SC-7 as shown in Table 7 .
Some investigators have reported different numbers of SFRs (i.e., minimum of 29 to 45 or more) to be deployed in Korea to transmute TRUs based upon their own assumptions, in which two types of SFRs (i.e., break-even reactors with CR of no more than 1 and burners with CR of 0.61 to 0.70) were assumed [8, 13, 18] . In this study, we have considered two types of SFRs as burners (CR of 0.46 and 0.6) as one of the primary objectives of this study is to simulate the full-scale transmutation of TRUs by deploying SFRs with a minimum of 21-year and maximum of 55-year-long strategic planning as shown in Table 7 .
Figures 4 and 5 show that TRUs generated from scenario SC-1 (i.e., operation of NPPs for design lifetimes) can be fully transmuted by the years of 2109 to 2126 with SC-3 and SC-4, respectively, and TRUs from SC-2 (i.e., extended operation of NPPs up to twenty years) by the years of 2119, 2143, 2133, and 2148 with SC-5, SC-6, SC-7, and SC-8, respectively, by the use of the minimum number of SFRs as shown in Table 7 .
The minimum number of SFRs needed for each scenario in Table 7 was calculated by the use of the following equation:
where TRU-NFCSS is the amount of TRUs estimated by NFCSS (MTHM), TRU is the consumption rate of TRUs per reactoryear (MTHM/reactor⋅y), and OPR is the operational period of a reactor (y). As noticed, the scope of this study is to simulate the deployment of NPPs (i.e., PWRs and PHWRs) by the year of 2029 and SFRs from the year of 2028 until their operational or extended lifetime. Further deployment of NPPs and SFRs is not taken into account based on the 7th Basic Plan on Electricity Demand and Supply which includes the latest national policy and strategies to construct an additional eight units of APR-1400 and four units of APR+ by 2029 only. There is no specific plan to deploy NPPs after 2100 [2] . Since the first feed of nuclear fuel for SFRs will be manufactured from TRUs in the SNF produced from NPPs (i.e., PWRs and PHWRs), deployment of additional SFRs would not be assumed when the NPPs (i.e., origin of the nuclear fuel for SFR) are not to be present in the future [13, 31] . Moreover, the basic methodology proposed in this study would be applicable if the government plans to deploy new nuclear reactors in the future.
Estimation of Cost for Direct Disposal and Pyro-SFR Fuel Cycle Options
Derivation of Process Costs Based upon Unit Costs from
Existing Studies. In order to perform front-and back-end fuel cycle cost calculations, a variety of economic studies on nuclear fuel cycles were firstly reviewed and analyzed. It is intended in this study to consider the variabilities and uncertainties of unit cost data as much as possible by expanding the references of unit cost data and using a statistical manipulation. As a result, various domestic and overseas unit cost data available from reliable information resources such as official reports of competent international organizations and selected scientific papers published in international journals were collected as shown in Table 8 [14-21, 35-37, 40-44] . All the unit cost data were normalized to the 2016 US dollar values. In this study, first unit cost data is collected from different studies and statistically analyzed, and then individual process costs (as shown in Table 8 ) were calculated by using the result of analysis as an input to (i) to (vii) from Table 12 . The individual process costs were derived again by probabilistic calculation using a commercially available risk analysis software program called Crystal Ball6 utilizing Monte Carlo simulation, which randomly selects values for each input to the model from a distribution specified by the user. The calculation was done by use of (i) to (vii) from Table 12 after defining the parameters of probability distribution for the individual process costs of different nuclear fuel cycles. The other costs except for the individual process costs in Table 8 were derived from statistical analysis of reference unit costs. In accordance with the above methodology, the statistics of costs were calculated as shown in Table 9 .
Precision of the cost values can be analyzed by using the data of coefficient of variability (CV) given in Table 9 , which compares the variability of cost values relative to the mean or in other words precision of cost values. It is reportedly known that a parameter having a higher value of CV (i.e., dispersion around the mean is higher) is considered to be less precise. The values derived from Crystal Ball simulation can be said to be acceptable, since all values of CV in Table 9 range from 0 to 1 which are typically known to be precise enough [45] .
Three types of probability distributions, uniform, triangular, and normal distributions, which are typically used for cases where limited amount of sample data is available, as shown in Table 8 , were used for each cost element in order to quantify the uncertainties in estimation of the costs. The probability distribution of each cost in Table 8 was adopted from studies on economic analysis of nuclear fuel cycle [12, 37] . Figure 6 shows the results of probabilistic calculation of the fuel cycle costs (FCCs) for selected fuel cycle options. With the assumption of probability distribution for each process cost element as stated in Table 8 , a series of Monte Carlo simulations using Crystal Ball software were carried out for 50,000 samples to address the inherent uncertainties of the estimated cost. As a result of the simulation, the mean values of FCCs for PWR (direct disposal), PHWR (direct disposal), Pyro-SFR-1 (CR = 0.46), and Pyro-SFR-2 (CR = 0.6) were calculated basically by using (viii) to (xiv) from Table 12 to be 8.174 mills/ kWh, 22.114 mills/kWh, 6.065 mills/kWh, and 11.310 mills/ kWh, respectively. As shown in the statistics of Figure 6 , the FCC for Pyro-SFR-1 (CR = 0.46) is found to be the most economical fuel cycle option followed by PWR (direct disposal), Pyro-SFR-2 (CR = 0.6), and PHWR (direct disposal). Difference between the FCCs of Pyro-SFR-1 and Pyro-SFR-2 mainly comes from the difference of the values of CR and burnups of SFRs between the two fuel cycles as shown in Table 3 . As higher burnup generates more energy per unit mass of fuel; the mass of fuel required for SFR-2 is more than (almost double) that for SFR-1. Accordingly, the FCC in $/kWh for Pyro-SFR-1 turns out to be almost half that for Pyro-SFR-2 due to lower CR and higher burnup [13, 35, 46] . As can be seen from Figure 6 , the FCC distribution of PHWR is wider than other fuel cycles and the distribution of Pyro-SFR-1 is narrower than others. It is noted that the peakedness and flatness of a distribution for PWR and Pyro-SFR-1 fuel cycles which resulted in Figure 6 are comparable with previous studies reported [14] .
Calculation of Fuel Cycle Costs.
Calculation of Scenario
Cost. The next step in economic analysis is to estimate the scenario-based cost. As discussed in Tables 2 and 7 , four cases each consisting of two scenarios are analyzed and presented in Table 10 , where the overall scenario cost including overnight cost, fuel cost, operation and management (O&M) cost, and decommissioning and decontamination (D&D) cost for each scenario was calculated by considering the mean value from Table 9 . Table 10 shows the breakdown of all the cost elements for two direct disposal and six Pyro-SFR based fuel cycle scenarios. It is noted that the O&M cost and D&D cost are assumed to be calculated as 4% and 8% of overnight cost of reactors in each scenario in accordance with OECD/NEA studies [37] . In case of scenarios SC-1 and SC-2, the most affecting cost elements are PWR overnight cost followed by PWR fuel, PWR SNF disposal, PWR D&D, PHWR fuel cost, and others. The potential of continued operation of NPPs (PWRs and PHWRs) in scenario SC-2 up to an additional twenty years increases the total cost by 20.51%. However, the benefit of additional electricity generation to be obtained from continued operation of NPPs (PWRs and PHWRs) increases by 40%.
As far as Pyro-SFR scenarios are concerned, overnight cost followed by the fuel cost of SFRs in each scenario contributes most in the overall Pyro-SFR energy systems. From scenarios SC-3 to SC-8, it is noted that each scenario has advantages and disadvantages in terms of cost, electricity generation, and the minimum number of SFRs needed. For example, if it is decided to transmute all TRUs without O&M: operation and management; D&D: decommissioning and decontamination; TWh: terawatt hours. * O&M and D&D costs in SC-2 are derived from SC-1 for 20 years of a more operational period. * * PWR/PHWR/SFR fuel cost represents the total cost of the fuel for the specified type of nuclear reactor.
extending the operational lifetime of PWRs and PHWRs, SC-3 and SC-4 can be adopted for short-and long-term transmutation of TRUs, respectively, considering the cost and electricity generation. The major difference between the two is that SC-3 requires a shorter time and a smaller number of SFRs, eventually thus almost twice economical as compared with SC-4. However, the electricity generation from SC-4 is 41.5% higher as compared with SC-3, which can be regarded as a long-term benefit. In Case III and Case IV, similar analysis can be applicable in terms of scenario cost, minimum number of SFRs needed, and electricity generation in each scenario. Scenarios SC-7 and SC-8 reflect the extended operational lifetime of 20 years for all SFRs in order to transmute all TRUs being generated from SC-2. Upon comparison of Case III scenarios with Case IV scenarios, we found out that the total electricity generation from SC-5 and SC-7 is almost the same but SC-7 is more economical compared with SC-5, as it transmutes the same amount of TRUs with fewer units of SFRs while producing the same amount of electricity. In case of scenarios SC-6 and SC-8, relative electricity benefits between the two differ by 1.97%, as SC-8 generates 98.03% electricity comparable to SC-6, but in terms of cost and transmutation of TRUs from SC-2, SC-6 is 1.2 times more expensive and requires 26.4% more SFRs as compared with SC-8.
It is noted that Table 10 should not be used for the direct comparison between direct disposal and Pyro-SFR scenarios because each of SC-1 and SC-2 is a complete nuclear energy system while Pyro-SFR scenarios are just part of the whole nuclear energy system. Pyro-SFR scenarios directly depend on PWR and PHWR fuel cycle because TRUs from SC-1 and SC-2 are the only source of fuel for Pyro-SFR fuel cycle scenarios [13, 31] .
Comparison of Direct Disposal and Closed Nuclear
Energy System Cost. In order to compare the economic feasibilities of direct disposal and Pyro-SFR closed fuel cycle, the total scenario costs for Pyro-SFR fuel cycles in Table 10 should be further extended by adding the cost of the front part of the fuel cycle (e.g., existing PWRs and PHWRs fuel cycles).
For the optimized strategy of closed nuclear energy system, scenarios were selected from Table 10 based on the minimum ratio of cost to electricity generation and maximum transmutation of TRUs with the minimum number of SFRs for maximum benefits. For example, scenario SC-2 is chosen as a representative direct disposal scenario because of its higher electricity generation with a smaller increase of cost for continued operation of NPPs (PWRs and PHWRs). Secondly, in order to close the nuclear fuel cycle, scenarios SC-7 and SC-8 were chosen from six Pyro-SFR scenarios because of the minimum number of SFRs to be deployed for the transmutation of larger amounts of TRUs from SC-2 with a lower ratio of cost to electricity generation and higher electricity generation compared with other Pyro-SFR scenarios.
The nuclear energy system cost (i.e., the total costs including overnight cost, fuel cost, O&M cost, D&D cost, and SNF disposal cost, if any) for closed fuel cycle is calculated by the combination of scenarios (i.e., CFC-1 by combining SC-2 and SC-7 and CFC-2 by combining SC-2 and SC-8) as shown in Table 11 . Two of the most affecting factors (i.e., PWR overnight and fuel costs) in SC-2 and two of the most affecting factors in SC-7 and SC-8 (i.e., SFR overnight and fuel costs) consist of the most dominant cost elements in CFC-1 and CFC-2, respectively, as listed in Table 11 . It can be noted that CFC-2 is 20.57% cheaper than CFC-1 with only 13.19% less electricity generation because a smaller number of SFRs are needed for CFC-2. From Table 11 , we can see that both CFC-1 and CFC-2 can be utilized for different objectives. That is, CFC-2 can be chosen for fast transmutation of TRUs with the minimum number of SFRs. On the other hand, CFC-1 can be selected for extended transmutation of TRUs with a comparatively higher number of SFRs, which generates 13.19% more electricity. Figure 7 shows the statistics from the Monte Carlo simulation with the assumption that each parameter of direct disposal and closed nuclear energy system has a triangular distribution. A series of Monte Carlo simulations were carried out using 50,000 samples, and the total generation costs for SC-1, SC-2, CFC-1, and CFC-2 are calculated to be 24.497 ± 2.995 (1 ), 21.382 ± 2.318, 19.220 ± 1.817, and 17.620 ± 1.785 $/kWh, respectively. Scenarios SC-1 and SC-2, which are a combination of PWR and PHWR nuclear energy systems, are being considered as a single integrated direct disposal nuclear energy system; hence, the cost incurred at any point in SC-1 and SC-2 should be normalized with the electricity produced throughout SC-1 and SC-2. Similarly, fuel cycle with recycling of TRUs is considered as a single integrated technology; therefore, the cost incurred at any point in the CFC-1 and CFC-2 is normalized across the electricity produced throughout the whole closed fuel cycle [35] . 
Break-Even SFR Overnight Cost.
In order to determine a specific condition under which the Pyro-SFR closed nuclear energy system shows positive economic feasibility over direct disposal option, a break-even point of SFR overnight cost is estimated. As shown in Figure 8 , the break-even SFR overnight cost per reactor for CFC-1 and CFC-2 is calculated to be M$ 2,570 and M$ 3,450, respectively. It can be said that the closed nuclear energy system CFC-1 or CFC-2 is more economically feasible compared to direct disposal scenario SC-2 if SFR overnight cost falls below the break-even point as calculated in the figure.
Sensitivity Analysis for Closed Fuel
Cycles. Sensitivity analysis has been carried out to analyze the cost elements in closed fuel cycle that may affect the nuclear energy system Table 12 : Modified set of equations to estimate the cost of nuclear fuel cycle based on equilibrium model.
Category Equations
Individual process cost Cost for conversion ($/kgU) (
Cost for pyroprocessing ($/kgHM) (
Cost for storage and transport ($/kgHM) (
Total process cost Total cost for PWR process ($/kgHM) (
Total cost for PHWR process ($/kgHM) (
Total cost for Pyro-SFR process ($/kgHM) ( cost by using Crystal Ball software. Crystal Ball computes the sensitivity by computing rank correlation coefficients. Correlation coefficients measure the strength of the linear relationship among the parameters in CFC-1 and CFC-2. A parameter having a higher correlation coefficient value affects more the total cost of closed nuclear energy system. Figure 9 shows that the five most affecting factors in CFC-1 and CFC-2 are the PWR overnight cost, SFR overnight cost, SFR fuel cost, PWR fuel cost, and PHWR fuel cost. As mentioned, it is noted that, even though sensitivity for direct disposal energy system is not conducted, the relative sensitivity of cost elements in SC-1 and SC-2 can be calculated by taking into account the cost parameters related to PWR and PHWRs only from Figure 9 .
Conclusion
The total inventory of SNF to be produced from all thirtysix units of NPPs that are in operation or will be deployed by 2029 is estimated to be 41,718 MTU, in accordance with the national policy of the Korean government in 2016. It is also found that the continued operation of NPPs may increase the national inventory of SNF by 47% (i.e., up to 61,232 MTHM). In this study, it is reconfirmed that the nominal radiotoxicity index of the long-lived TRUs in the SNF will decrease down to the level of natural uranium at least after 200,000 years of radioactive decay as reportedly known.
Based on a series of reasonable assumptions derived from past experience of nuclear power development in Korea and the government's future plan, the minimum number of SFRs required to transmute all TRUs is calculated to be 14 to 34, and the full transmutation of TRUs is expected to be completed in 2109 to 2153. The key technical elements determining the optimized strategy for SFR deployment are the design features of SFR (e.g., conversion ratio, burnup), the deployment rate of SFRs, and the target year for completion of transmutation of TRUs.
A systematic stepwise procedure to conduct the probabilistic economic analysis of nuclear energy system is proposed in this study (see Figure 2) . From balanced comparison of the whole cost and all benefits from direct disposal and Pyro-SFR recycling options, the total generation costs for direct disposal and Pyro-SFR nuclear energy systems are estimated to be 13.60∼33.94 mills/kWh and 11.40∼25.91 mills/ kWh, respectively. It is concluded that the relative feasibility of each scenario can be assessed based upon the three factors: lower ratio of cost to electricity generation, transmutation of more TRUs with minimum units of SFRs, and higher generation of electricity in order to formulate the optimum closed nuclear energy system.
As a result of the sensitivity analysis, the most affecting parameters to the nuclear energy system costs of the closed fuel cycle are as follows in order of contribution: PWR overnight cost, PWR fuel cost, SFR overnight cost, and SFR fuel cost. Since the overnight cost and the fuel cost for PWR are almost invariable in the commercialized nuclear energy system in Korea, however, the overnight cost of the SFR still under development will be the most uncertain cost element to the economics of the closed nuclear energy system. It is also pointed out that the economic feasibility of the closed nuclear energy system is higher than the direct disposal option as long as the SFR overnight cost per reactor can be kept below M$ 2,570 or M$ 3,450 (i.e., the break-even reactor cost) depending upon the design features of the SFR such as conversion ratio.
It is expected that the results of this study on the quantitative and economic feasibilities of direct disposal and Pyro-SFR fuel cycle options can be used as a comprehensive reference for the systematic decision-making on the direction of the future nuclear energy system in Korea, which is planned to be made around 2020.
